Abstract. The previous papers presented at STAIF 2002 and STAIF 2003 discussed the design, fabrication and characterization of the evaporator section and the initial test cell of a planar MEMS loop heat pipe based upon coherent porous silicon or "CPS" technology. The potentially revolutionary advantage of CPS technology is that it is planar and allows for pores or capillaries of absolutely uniform diameter. Coherent porous silicon can be mass-produced by various MEMS fabrication techniques. The preliminary experiments made with the original test structure exhibited the desired temperature and pressure differences, but these differences were extremely small and oscillatory. This paper describes modifications made to the initial test cell design, which were intended to improve its evacuated, closed loop performance. Included among these changes were the redesign of the compensation chamber and condenser, an increase in the porosity of the coherent porous silicon wick, the fabrication of silicon top "hot" plates with an increased depth of the vapor reservoir and the integration of metal resistive heater elements onto the backside of the top plates to simulate the input heat. Some changes were made in the test sequence to produce more discernable differences in temperatures and pressures. The most recent results of the tests made with the modified system will be presented.
INTRODUCTION
The traditional loop heat pipe by Maidanik, LHP, uses a cylindrical configuration and an amorphous porous wick. A family of planar loop heat pipes is being developed at the Center for Microelectronic Sensors and MEMS at the University of Cincinnati. The work being conducted is directed toward the use of a radically different type of wick structure, which is fabricated from what the authors refer to as coherent porous silicon, CPS. Using this technology, it is possible to achieve arrays of densely stacked micrometer sized capillaries or pores, which are essentially identical in diameter, in the common semiconductor material, silicon. This is in contrast to the conventional porous ceramic wicks in which the burst-through pressure of the largest surface pore compromises the achievable upper power level of the loop heat pipe. Coherent porous silicon technology avoids such compromises through its uniformity. This uniformity is produced by the micro-lithographic patterning and photo-electrochemical etching techniques used in the world of electronic/microelectronic/micro-electromechanical, MEMS, fabrication. The resulting configuration is planar, which is more convenient for surface cooling applications for electronics, such as space solar power cells, and other flat or gently curved surfaces. The development of the coherent porous silicon loop heat pipe is being sponsored by the John H. Glenn Research Center primarily for electronic cooling and by the NSF /NASA/EPRI Space Power Systems for cooling space based solar cell arrays. The specifics and detailed configuration of each application are unique, but both will benefit from the unique characteristics of coherent porous silicon.
Previous papers concerning the work (Cytrynowicz, , 2003 were presented at this conference, STAIF 2002 and 2003 . These papers discussed the design, fabrication and characterization of an evaporator section and an initial system test structure. The papers also included an introduction to the basic mathematical model of the device tested (Hamden, 2002) . The steady state global mathematical model of the device was discussed in detail elsewhere (Hamden, 2003) . The results of the early experiments were presented at the conference. Although the desired difference in pressure across the evaporator and the difference in temperature across the condenser were observed, they were extremely small and oscillatory. The results of the initial tests indicated that a reevaluation and modification of the original test system were required before a performance comparable to the theoretical as predicted by Hamden's model could be achieved. This paper presents a summary of the various modifications made to the design of the components of the micro-electromechanical loop heat pipe, along with the reasons for the changes.
This paper begins with a comparison between the components of the original and the modified test cells. The components of the MEMS loop heat pipe include: the compensation chamber, the evaporator top "hot" plate, the coherent primary wick, the amorphous secondary wick, the condenser, and the liquid and vapor working fluid transport lines. The most extraordinary feature of the device is the primary wick, which is fabricated with coherent porous silicon, CPS. Coherent porous silicon is produced by the photo-electrochemical etching of a pre-patterned, donor doped, (100) oriented silicon wafer or chip in an aqueous solution of hydrofluoric acid. The motives for the changes that were made are briefly explained. This paper also provides a description of the test station. The results of the preliminary tests will be presented. The emphasis of this paper is upon the micro-fabrication of the various components rather than the thermal issues.
THE EVAPORATOR PACKAGE
The volume of the compensation chamber was increased so that it would be larger than volume of the rest of the loop and would allow for a larger vapor space. Its geometry was changed to remove any non-condensable gases that might accumulate. Figure 1 is a schematic representation of the modified evaporator design and its various components. The components of the evaporator section include the Pyrex 7740 glass compensation chamber and its stainless steel back plate, the silicon vapor reservoir or top "hot" plate, the primary coherent porous silicon wick, the quartz wool, amorphous secondary wick and its stainless steel retaining mesh. 
The Compensation Chamber
Figure 2 (a) is a photograph of the original compensation chamber. It was machined from a 2500 square millimeter piece of Pyrex 7740 glass. It had a total volume of 0.9 milliliters and a thickness of 9 millimeters. Figures 2 (b) and (c) are photographs of the modified liquid reservoir. Figure 2 (d) is a photograph of the stainless steel back plate located on the compensation chamber side of the evaporator package. The compensation chamber was machined from a 2500 square millimeter piece of Pyrex 7740 glass. The thickness of the structure was 15.34 millimeters. A 9.58-millimeter hole was drilled 5.34 millimeters into one side of the glass. A 22.7-millimeter hole was drilled 10 millimeters into the other side of the piece of glass. The two holes intersected to form the liquid reservoir, which had a total volume of 4.63 milliliters. The modified design increased the liquid volume by a factor of 5.14. The quartz wool secondary wick was packed into the smaller volume section of the compensation chamber. Its purpose is to manage any vapor present in the compensation chamber. It is hoped that the need for a secondary wick can eventually be completely eliminated. The quartz wool fibers ranged from seven to nine micrometers in diameter and were packed to ninety-two percent porosity. The secondary wick filled 9.36 percent of the total volume of the two level compensation chamber. The stainless steel retaining mesh was placed in the larger volume section of the compensation chamber and its function was to secure the secondary wick in place. Figure 4 (a) is a photograph of the original borosilicate glass top plate. The area of each plate was 2.89 square centimeters. The vapor reservoir had an area of one square centimeter and was etched to a depth of three hundred micrometers. The modified top plate was fabricated from silicon to improve the conduction of heat to the primary coherent porous silicon wick. The depth was increased to seven hundred micrometers to lower the pressure drop. The internal surface of the vapor reservoir was roughened to create more nucleation sites. The position and the size of the outlet port were changed to accommodate a larger vapor transport line, which would also reduce the pressure drop. Figure 4 (b) is a photograph of four vapor reservoir structures etched into a silicon wafer. The (100) wafer had a diameter of two-inches and a thickness of one millimeter. In production, of course, one could use silicon wafers of up to an order of magnitude larger. Figure 4 (c) is a close-up photograph of one of the vapor reservoir structures. Mechanical dicing was used to separate the plates. The reservoirs structures were produced by wet chemical etching in a forty-five percent by weight aqueous solution of potassium hydroxide. A 1.5-micrometer layer of silicon dioxide served as the masking layer during the room temperature etching process.
cm
The Integrated Heaters A patterned nickel heater was integrated onto the backside of the top plate to enable the improved and more uniform conduction of heat to the primary coherent porous silicon wick. It also enabled higher input power densities to simulate higher chip temperatures. The heaters were designed for a maximum input power of twenty-five watts. 
THE CONDENSER
The condenser was completely changed to improve its performance. The total length of the stainless steel liquid transport line was three hundred and twenty millimeters. The inner diameter of the liquid transport line was 1.26 millimeters; the outer diameter, 1.56 millimeters. The length of the stainless steel vapor transport line was sixty millimeters. The inner diameter of the vapor transport line was 2.36 millimeters; the outer diameter, 2.74 millimeters. The copper cooling water barrel was one hundred and forty-five millimeters in length. The length of the condenser located inside the cooling water barrel was one hundred millimeters. Fourteen copper fins were soldered along the center 100-millimeter portion of the condenser tube. The outer diameter of the each fin was 12.72 millimeters. The inner diameter of the barrel was 13.93 millimeters. The experimentally measured power handling capability was approximately 345 watts per cubic centimeter. A small submersible pump was used to circulate the cooling water. The achievable flow rates ranged from approximately 0.5 milliliters per second to one hundred and twenty milliliters per second.
THE PRIMARY COHERENT POROUS SILICON WICK
The most fascinating component of the planar, micro-electromechanical loop heat pipe is the primary wick, which was constructed from coherent porous silicon. Lehmann (2002) pioneered research in macroporous silicon in Germany. Extensive research in the production of macroporous silicon has also been conducted at the University of 1.7 cm Cincinnati (Hölke, 1998; Mantravadi, 2000; Parimi, 2003; Rajaraman, 2000; Ranganathan, 1999; Shuja, 2003; Suryamoorthy, 2002; Van Dyke 2000) . Coherent porous silicon is produced by the photo-electrochemical etching of a pre-patterned, donor doped or n-type, (100) silicon wafer in an aqueous solution of hydrofluoric acid. Massive arrays of pores with micrometer-sized diameters are simultaneously etched into the silicon wafer perpendicular to its bottom (100) surface. The coherence of the array of pores facilitates modeling.
The starting materials for the primary wicks were silicon wafers, which were two inches in diameter and approximately three hundred micrometers thick. Preprocessing of the electrodes began with a thermal oxidation to form a silicon dioxide diffusion mask. Phosphorus was diffused into the backsides of the wafers to produce an n+ region for ohmic contact purposes. Silicon nitride was deposited onto the wafers by low-pressure chemical vapor deposition. This silicon nitride served as the masking layer during the formation of the inverted, pyramidal, etch pits in the silicon wafer. The pattern of the etch pit array was transferred by ultraviolet photolithography onto a layer of positive photoresist, which had been spun onto the wafers. The etch pit windows were produced in the silicon nitride masking layer by a reactive ion etch using oxygen (O 2 ) and tetrafluoro methane (CF 4 ). The etch pits were formed in the silicon wafer by a room temperature wet chemical etch in a forty-five percent by weight aqueous solution of potassium hydroxide.
The electrolyte used for the photo-electrochemical production of the pores was a five percent by weight aqueous solution of hydrofluoric acid. A one percent by volume amount of an oxidizing agent, hydrogen peroxide, was added to the electrolyte. One drop of the surfactant, Triton X, was also added to the electrolyte to serve as a wetting agent. The etch rate of the pores ranged from one to two micrometers per minute. The wicks tested had pores in a hexagonal array with a patterned diameter of five micrometers at a pitch of eight micrometers giving a base porosity of thirty-four percent. The actual diameters of the pores after the photo-electrochemical etch ranged from six to seven micrometers due the high resistivity of the starting material. (There is an extremely important relationship between the wafer resistivity and the maximum pore diameter. The maximum pore diameter is approximately the square root of the value of the wafer resistivity.) The larger diameter of the pores increased the porosity to values between forty-nine and sixty-six percent. The pores of the wicks used during the early development of the evaporator were five micrometers in diameter at a pitch of twenty micrometers, which gave them a base porosity of 6.25 percent. Figure 7 (a) is a photograph of such a low porosity wick. Figure 7 (b) shows a wick that had a patterned, base porosity of thirty-nine percent. The pores of the wicks used in the original test structure were approximately seven micrometers in diameter at a pitch of ten micrometers. The orthogonal array had an approximate porosity of forty-nine percent. The wicks used in a modified test structure were evaluated for capillary pressure and permeability prior to being packaged in the evaporator. Figure 8 is a photograph of the fully assembled, planar, micro-electromechanical loop heat pipe test cell. The photograph displays the eight sensors used to monitor the temperature and pressure conditions during the test sequence. The pressure sensors utilized in the experiments were Honeywell 26PCCFAD6D unamplified pressure sensors, which had a sensitivity of 6.67 millivolts per pound per square inch. One pressure sensor was located at the input of the evaporator and the other was located at the output. The connection points into the loop of the six type K, chromel-alumel, thermocouples are circled. A thermocouple was located at the input and output of the condenser, at the input and output of the cooling water barrel, at the input to the compensation chamber, and on the top plate at the integrated nickel heater. The working fluid utilized in the experiments was de-ionized water. A filling station was constructed to introduce the working fluid into the loop heat pipe. It consisted of a seven-milliliter burette, a five-milliliter syringe, a bellows regulating valve, a bellows metering valve, and a needle valve. The total volume of the working fluid was five milliliters. The system was evacuated to one hundred millitorr. Figure 10 
EXPERIMENTAL SETUP

EXPERIMENTAL OBSERVATIONS
Data collection was by means of a LabVIEW program. The input parameters to the program were the power increment and the time interval between each increment. The parameters monitored were the input power, voltage, current, time, the pressure and temperature at the input and output of the evaporator, the temperature at the input and output of the condenser, the input and output of the cooling water barrel, and the resistance of the nickel heater on the top "hot" plate. The two basic types of tests performed were wet and dry loop tests: with and without the working fluid in the loop, respectively. The steady state input power levels were four and five watts. The volume of the working fluid was varied from 1.3 to 2.5 milliliters. In some tests no cooling water was circulated, in other tests the temperature of the circulating cooling water ranged from twenty-two to eighty degrees Celsius. The flow rate of the cooling water was varied from one to five milliliters per second. For insulation, the evaporator, vapor line and condenser were packed in quartz wool. Tests were performed with and without insulation of the system. Early tests were run to develop an adequate testing procedure and to evaluate the precision and accuracy of the parameters being monitored. Figure 11 shows the temperature, T ! , at the output of the evaporator during a dry and three wet loop tests. In this particular test the steady state power level was four watts and the fill volume was 1.3 milliliters. The temperature of the liquid in the compensation chamber was eighty degrees Celsius. The temperature of the liquid inside the compensation chamber was eighty degrees Celsius. The temperature of the cooling water was eighty-two degrees Celsius and it was circulated through the condenser at a rate of five milliliters per second. Lower temperatures were observed at the output of the evaporator for the same input power after the loop had been filled with the working fluid. Two parameters of interest in this particular test were the temperature profile of the evaporator during startup, the transition to steady state and during steady state operation and the effect of the temperature of the cooling water on the evaporator. The system was filled with the 2.5 milliliters of the working fluid at room temperature. The flow rate of the cooling water was 4.1 milliliters per second. The temperature of the cooling water was raised to eighty degrees Celsius in increments of twenty degrees and then lowered back to room temperature in twenty degree increments. The temperature of the evaporator was relatively unaffected by the temperature of the cooling water. Figure 13 displays the pressure at the output of the evaporator versus its temperature. Temperature T 1 and pressure P 1 were measured at the output of the evaporator. Temperature T 2 was measured at the input to the condenser; temperature T 5 , at the input to the cooling water barrel. Temperature T 3 and T 6 were measured, respectively, at the outputs of the condenser and cooling water barrel. The steady state input power was four watts. Testing of the modified loop heat pipe test system is still in its early stages at this time. More detailed results from experiments will be presented at this conference STAIF 2004.
FUTURE RESEARCH
Future work involves further evaluation and, where necessary, the redesign and modification of the present test cell. Effort will be devoted to improving the performance of the loop heat pipe system. Various designs for the top "hot" plate, which incorporate small areas for thermal contact to the primary wick, will be fabricated and tested. Effort will be devoted to increasing the uniformity of the array of pores, and to increasing the porosity of the coherent porous silicon wicks. Wicks with pores that are interconnected will be fabricated. The system for the production of coherent porous silicon will be refined as necessary to make the fabrication of the material more efficient.
CONCLUSIONS
The design of the planar, micro-electromechanical loop heat pipe test cell was modified with the aim of improving the performance of the system. Many of the problems that prevented the original test cell from achieving a performance similar to that predicted by the theory were addressed and eliminated. Preliminary thermal testing has demonstrated finite cooling. The oscillatory and other parasitic effects are currently being addressed in progressing toward optimal operation.
